A direct method for the determination of N-linked glycosylation sites in highly glycosylated proteins is described. Carcinoembryonic antigen (CEA) and a nonspecific crossreacting antigen (NCA) were chemically degycosylated, and peptide maps were prepared by reverse-phase HPLC. The peptides were sequenced on a gas-phase microsequencer, and glycosylation sites were identified as the phenylthiohydantoin derivative of N-acetylglucosaminylasparagine. The sequences were confirmed by fast atom bombardment mass spectrometry. Highly homologous, extended amino-terminal sequences were determined for CEA and two NCAs, NCA-95 and NCA-55. Cysteine (6) and NCA~7) are identical but differ from the CEA sequence (15) in having alanine rather than valine at position 21. The further structural analysis of CEA has been hampered by the high degree of glycosylation, which renders it extremely resistant to proteolytic cleavage. Shively et al. (16) digested CEA with trypsin in the presence of Triton X-100; however, extended sequences of the resulting peptides were not obtained, probably due to the presence of carbohydrate in these peptides. CEA has also been deglycosylated with anhydrous HF (17). Preliminary studies showed that deglycosylated CEA was more amenable than native CEA to proteolytic cleavage and subsequent sequence analysis (18) .
from liver metastases of colonic adenocarcinoma that was sufficiently different from spleen NCA (7) to be given the provisional designation tumor-extracted antigen. Buchegger et al. (8) have identified two NCA antigens; NCA-55 (Mr, 55,000) corresponds to the originally described molecule and is present in granulocytes and epithelial cells, whereas NCA-95 (Mr, 95,000) is present only in granulocytes. Grunert et al. (9) have detected these two antigens in colon tumor and normal lung and also a 75-kDa antigen in colon tumor. Other CEA-related antigens are NCA2 (Mr, 160,000) from meconium (10) , biliary glycoprotein I (Mi, 85,000) from bile (11) , and a group of antigens from feces (12) . Neumaier et al. (13, 14) have also detected a 128-kDa antigen in colonic adenocarcinoma, a 100-kDa antigen in meconium, and several antigens in normal plasma.
CEA contains 50-60% carbohydrate by weight, and the NCAs contain 20-50% carbohydrate by weight. The amino acid compositions of CEA and the NCA antigens are comparable. The amino-terminal sequences of tumor-extracted antigen (6) and NCA~7) are identical but differ from the CEA sequence (15) in having alanine rather than valine at position 21. The further structural analysis of CEA has been hampered by the high degree of glycosylation, which renders it extremely resistant to proteolytic cleavage. Shively et al. (16) digested CEA with trypsin in the presence of Triton X-100; however, extended sequences of the resulting peptides were not obtained, probably due to the presence of carbohydrate in these peptides. CEA has also been deglycosylated with anhydrous HF (17) . Preliminary studies showed that deglycosylated CEA was more amenable than native CEA to proteolytic cleavage and subsequent sequence analysis (18) .
In the present study, we describe a general method for the structural analysis of highly glycosylated proteins and apply this method to CEA, NCA-95, and NCA-55. This method, which includes chemical deglycosylation, peptide mapping by reverse-phase HPLC, gas-phase microsequence analysis, and fast atom bombardment (FAB) mass spectrometry (MS), allowed the direct determination of numerous N-linked glycosylation sites in CEA and NCA-95 peptides. We also report highly homologous, extended amino-terminal sequences for CEA, NCA-95, and NCA-55 and homologous cysteine-containing sequences for CEA and NCA-95. The CEA cysteine-containing sequences show internal homology, suggesting that CEA evolved by a series of gene duplication events. In addition, CEA cysteine-containing sequences are homologous to sequences found in several members of the immnunoglobulin supergene family (19) .
MATERIALS AND METHODS
Purification of Antigens. CEA, NCA-95, and NCA-55 were isolated from liver metastases of colon tumors and purified as described for CEA (20) . Final purifications of NCA-95 and NCA-55 were achieved by reverse-phase HPLC (R.J.P. and J.E.S., unpublished data).
Deglycosylation and Peptide Mapping. CEA and NCA-95 were chemically deglycosylated with trifluoromethanesulfonic acid (TFMSA):anisole, 2:1 (vol/vol), as described (21) and desalted by dialyzing against 10% (vol/vol) aqueous Proc. Natl. Acad. Sci. USA 84 (1987) 921 pyridine. Deglycosylated CEA and deglycosylated NCA-95 were reduced with dithiothreitol and carboxymethylated with iodoacetic acid as described (22) . The carboxymethylated antigens (1-5 nmol) were dialyzed against 0.2 M NH4-HCO3, pH 7.8, and digested with L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin or chymotrypsin (Worthington) at a protein:enzyme ratio of 50:1 (wt/wt) at 370C for 18 hr. The peptides were separated by reverse-phase HPLC on a Vydac C18 column using a linear gradient of acetonitrile in 0.1% (vol/vol) trifluoracetic acid.
Microsequence Analysis. Proteins and peptides (0.1-2 nmol) were subjected to automated Edman degradation on a gas-phase microsequencer built at the City of Hope (23) , and phenylthiohydantoin (>PhNCS) amino acid derivatives were separated and identified by reverse-phase HPLC (23) . Amino acid compositions were determined using a Beckman 121 MB amino acid analyzer.
Synthesis of the >PhNCS Derivative of N-Acetylglucosaminylasparagine [Asn(GlcNAc)>PhNCS]. The starting amino acid Asn(GlcNAc) [10 ,umol; listed as 2-acetamido-1-f3(Laspartamido)-1,2-dideoxy-D-glucose (Sigma)] was dissolved in 0.05 ml of triethylamine/pyridine/H20, 10:40:50 (vol/vol).
Phenylisothiocyanate (20 ,umol ; Pierce sequanal grade) was added, and the reaction was stirred at 43°C for 20 min. The reaction mixture was extracted four times with 0.05 ml of benzene and dried in a vacuum centrifuge. The yellow oil was dissolved in 0.1 ml of 25% (vol/vol) aqueous trifluoroacetic acid and stirred at 50°C for 20 min at which time the product precipitatedfrom solution. Asn(GlcNAc)>PhNCSwassolubi-lized in 50% (vol/vol) aqueous acetonitrile and analyzed as follows. A single peak was obtained by reverse-phase HPLC, aspartic acid/asparagine and glucosamine were detected by amino acid analysis, and FAB-MS showed the expected mass-to-charge ratio (m/z) of 453, (M + H)+. Carboxymethylcysteine>PhNCS, Glu>PhNCS, and Asn>PhNCS were synthesized using the same procedure.
FAB-MS. Samples (0.1-0.5 nmol) were concentrated to dryness in polypropylene microcentrifuge tubes using a vacuum centrifuge, redissolved in 1-2 ,l of 5% (vol/vol) aqueous acetic acid, and added to 3 A.l of glycerol or 3 Al of a dithiothreitol/dithioerythritol, 5:1 (wt/wt) mixture on a 1.5 x 5 mm stainless steel sample stage. FAB spectra were taken with a JEOL HX-100HF mass spectrometer utilizing a 6-kV xenon atom primary beam, and data were collected with a JEOL DA500 data system.
RESULTS AND DISCUSSION
Amino Acid Composition and Amino-Terminal Sequence Analysis. CEA, NCA-95,t and NCA-55 were isolated from liver metastases of colonic adenocarcinoma. Table 1 shows amino acid compositions for these antigens. The most notable difference is the apparent absence of methionine in CEA. In some CEA samples a trace of methionine is found; however, the mol% is always less than that determined for NCA-95 and NCA-55. It has been reported that several NCA proteins were not cleaved by treatment with cyanogen bromide and, hence, did not contain methionine (24 Samples were hydrolyzed in 6 M HCl containing 0.2% 2-mercaptoethanol at 110°C for 48 hr. Cysteine was determined as cysteic acid in a separate analysis after performic acid oxidation. Percent carbohydrate by weight for CEA is 52%, for NCA-95 is 46%, and for NCA-55 is 30%. These values are estimates based on earlier studies (3) and on the amount of glucosamine determined during amino acid analysis.
Studies in this laboratory determined amino-terminal sequences, up to residue 24, for CEA, NCA-95, and NCA-55 (6, 7, 15) . Fig. 1 shows extended sequences for the three proteins. Also shown is the translated protein sequence of the amino-terminal coding exon for an NCA genomic DNA clone (25) . All of the peptides necessary to extend the CEA sequence were found in a single chymotryptic map of deglycosylated CEA (see below). There are 10 amino acid differences between the CEA sequence and the translated sequence of the NCA clone. There are no differences between the NCA-95 and NCA-55 protein sequences and the translated sequence; hence, the exact identity of this clone cannot yet be established. Sequence homologies at the amino termini of CEA, NCA-95, and NCA-55. Amino-terminal sequencer runs identified the first 25, 35, and 35 residues for CEA, NCA-95, and NCA-55, respectively. The CEA and NCA-95 sequences were confirmed and extended by sequencing tryptic and chymotryptic peptides prepared from the deglycosylated antigens. These peptides were aligned using sequence overlaps and the translated protein sequence of an NCA genomic clone isolated in this laboratory (25) . The first 12 amino acids coded for by this exon are part of the signal peptide and are not shown. Differences between CEA and the NCA sequences are indicated with boxes. The bold asparagine residues (N) were identified as Asn(GIcNAc) residues during sequence analysis and, therefore, are sites of glycosylation.
Biochemistry: Paxton et al.
Proc. Natl. Acad. Sci. USA 84 (1987) The first three sites of glycosylation in CEA, asparagine residues 70, 77, and 81, have also been determined (see below). The clustering of glycosylation sites is found in other parts ofthe CEA molecule and generally occurs near cysteine residues. Hence, this region at one time may have contained a cysteine residue that mutated to a different amino acid during evolution.
Deglycosylation and Peptide Mapping. CEA and NCA-95 were deglycosylated using TFMSA. Fig. 2 shows the expected decrease in molecular weight for the two proteins. These results are similar to those described for deglycosylation with anhydrous HF (17, 18) . Because the gel was overloaded, several minor bands are visible in the deglycosylated CEA and deglycosylated NCA-95 lanes. These bands may represent valiant forms of CEA and NCA-95 or trace amounts of unrelated glycoproteins that were also deglycosylated during the procedure. Another explanation is that peptide bond cleavage occurred during deglycosylation. Following reduction and carboxymethylation, the deglycosylated antigens were digested with trypsin or chymotrypsin, and the peptides were separated by reverse-phase HPLC. Fig. 3 shows a chymotryptic map for deglycosylated CEA. Equivalent results were obtained for deglycosylated NCA-95. The tryptic maps for deglycosylated CEA and NCA-95 showed wellseparated peptides eluting early in the gradient; however, the later-eluting peptides were not as well resolved as those in Fig. 3 . This was potentially due to their larger size and hydrophobic character.
Deglycosylation of CEA and NCA-95 has greatly facilitated their structural analysis. In general, highly glycosylated proteins are resistant to proteolytic enzymes, and those peptides that are generated are difficult to separate (27, 28 groups are also evident. Groups 2 and 4 have tyrosine at cysteine-2 (i.e., two residues before cysteine), aspartic acid or asparagine at cysteine-6, asparagine at cysteine-7, threonine at cysteine-9, leucine at cysteine-15, asparagine at cysteine +4 (i.e., four residues after cysteine), and serine or threonine at cysteine +7. The homologies between other pairs ofgroups are not as striking, although with conservative amino acid changes homologies can be found. The intergroup and intragroup homologies suggest that CEA evolved from a primordial gene, which coded for one or two cysteinecontaining sequences, by a series of tandem gene duplications and divergencies (further discussed below).
Four NCA-95 cysteine-containing sequences are included in Fig. 4 to illustrate the interprotein sequence homologies. The NCA-95 sequences are most homologous to the CEA sequences immediately preceding them in the figure. The sequence homologies between CEA and NCA-95 suggest that Internal sequence homologies within the cysteine-containing regions of CEA. Tryptic and chymotryptic peptide sequences from CEA were ordered using sequence overlaps, and the cysteinecontaining regions were segregated into four groups based on sequence homologies. In a few instances, the peptides were ordered using CEA cDNA sequence data (29 during evolution entire genes, or portions thereof, may have duplicated and then diverged to generate the CEA gene family, which contains at least 7, and potentially as many as 10, members (3, 25) .
Identification of Glycosylation Sites. Fig. SA shows the reverse-phase HPLC chromatograms for sequencer cycles 1-4 of a deglycosylated CEA tryptic peptide. The >PhNCS observed at cycle 1 eluted between Glu>PhNCS and Asn>PhNCS and was initially unidentified; however, cycles 2-7 showed the sequence Asp-Thr-Ala-Ser-Tyr-Lys. A comparison of this sequence with the amino acid composition suggested the possibility of aspartic acid/asparagine and GlcNAc in cycle 1. This was confirmed by back hydrolysis (6 M HCl, 0.2% 2-mercaptoethanol, 1100C, 24 hr) of the cycle 1 >PhNCS, and it was proposed that this derivative was Asn(GlcNAc)>PhNCS. This assignment and the sequence above were confirmed by FAB-MS of the intact peptide (Fig.  5B) , which showed the expected mass-to-charge ratio (m/z) of 1001, (M + H)+. The first three cycles also satisfy the obligate acceptor sequence, Asn-Xaa-Ser/Thr, for Nglycosylation (30) . A final confirmation of the Asn(GlcNAc) >PhNCS derivative was obtained by synthesis. The elution position for synthetic Asn(GlcNAc)>PhNCS, between Glu>PhNCS and Asn>PhNCS (Fig. 5C ), was the same as that observed for the sequencer-generated derivative.
Three sites of glycosylation are present in the amino terminus of CEA (Fig. 1) . Chymotryptic peptides corresponding to residues 62-74 and residues 75-86 were sequenced and analyzed by FAB-MS. Asn(GlcNAc)>PhNCS was easily identifiable in cycle 9 for the first peptide and in cycles 3 and 7 for the second peptide (data not shown). FAB-MS showed the expected molecular ions for the two peptides, m/z = 1636 and m/z = 1806, respectively. Hence, the ability to identify Asn(GlcNAc) during microsequence analysis is not dependent on its relative location in the peptide. The yield of Asn(GlcNAc)>PhNCS is =30% of that expected. This is perhaps due to a lower solubility of the aminothiazolinone derivative of Asn(GlcNAc) in the extracting solvent, butyl chloride, relative to other amino acid aminothiazolinone derivatives. A few peptides containing Asn(GlcNAc-GlcNAc) residues (due to incomplete deglycosylation) have also been isolated. When these peptides were sequenced, no >PhNCS for the modified asparagine residue was detected; however, the presence of Asn(GlcNAcGlcNAc) was confirmed by FAB-MS of the intact peptide. In these cases the additional GlcNAc probably renders the aminothiazolinone derivative insoluble in butyl chloride. To our knowledge, this is the first time N-linked glycosylation sites have been directly identified by automated microsequence analysis, although an O-linked glycosylation site in human interleukin-2 has been directly identified (31) . Takahashi et al. (32) identified Asn(GlcNAc)>PhNCS in a four-residue glycopeptide; however, several milligrams of peptide and manual Edman degradation were used. Although the sequences of numerous glycoproteins have been determined, the identification of glycosylation sites is generally accomplished by indirect methods (27, 28, 33, 34) .
Sequence Homology to the Immunoglobulin Supergene Family. The sequences in Fig. 4 were compared to the National Biomedical Research Foundation Protein Sequence Database § using the BIONET data base searching program IFIND. For CEA-2B, 10 of the top-scoring 20 proteins (SD from the mean, .6.2) were members of the immunoglobulin supergene family. For CEA-2C, 16 of the top-scoring 31 proteins (SD, .5.7) were members of this family. The 26 immunoglobulin supergene family members included 16 Kchain variable regions, the mouse and rat Thy-1 antigens (34), the rabbit polyimmunoglobulin receptor (35) , and the human secretory component (36) , which is the proteolytically cleaved form of the polyimmunoglobin receptor. Six of the top-scoring sequences were duplicated. Fig. 6 shows the sequence homologies between the CEA peptides and immunoglobulin supergene family members. The majority of sequence matches occur in the region preceding the cysteine residues. For the mouse K chain, this sequence is located within the highly conserved immunoglobulin light chain FR3 (framework region 3, residues 57-88) (37 
Sequence homologies between CEA, aB-glycoprotein, and N-CAM. The CEA sequence from Fig. 4 is aligned with residues 397-411 of aB-glycoprotein and residues 196-214 of chicken N-CAM. Identical residues are boxed, and a glycosylated asparagine in CEA is indicated as in Fig. 6 . The three aromatic amino acids are considered equivalent.
after the cysteine residue is located within the CDR3 (complementarity-determining region 3, residues 89-97). This region makes contact with various antigenic determinants and is not expected to be as conserved as the framework regions. Five residues are conserved in the CEA sequences and the immunoglobulin supergene family sequences. Three of these, the cysteine at position 17, the tyrosine at position 15, and the leucine at position 2, are invariant in all variable region immunoglobulin light chains (37) . The aspartic acid at position 11 is probably invariant,18 and the threonine at position 3 is invariant in some light-chain subclasses but not in others. The CEA sequences are perhaps most related to the mouse Thy-1 antigen. In addition to the invariant residues, the Thy-1 antigen and the CEA-2C sequence match at the glycosylated asparagine and at three residues following the cysteine. It has been proposed that the Thy-1 antigens may be closely related to the primordial immunoglobulin domain (34) . If this is true, the CEA family may also be related to this same domain.
The sequences of a1B-glycoprotein (38) and chicken N-CAM (neural cell-adhesion molecule) (39) have been shown to be related to the immunoglobulin supergene family. Fig. 6 shows that sequences from these proteins are also related to the CEA sequences. Fig. 7 shows cysteine-containing sequences for aB-glycoprotein and N-CAM that occur before, but not adjacent to, the sequences shown in Fig. 6 . The homology between these sequences and the CEA-1B sequence is evident. It has been proposed that a1B-glycoprotein, which includes five homologous domains and 10 cysteine residues (each domain comprises one disulfide loop), evolved by gene duplication from a primordial gene that encoded a single domain and two cysteine residues. Similarly, it has been suggested that the carbohydrate-rich central portion of N-CAM, which consists of four homologous domains and eight cysteine residues, also evolved by gene duplication.
Based on the sequence data in Fig. 4 , a similar proposal of gene duplication could be made for CEA and the CEA family members. For CEA there appear to be four cysteine residues in each domain; however, the homology between groups 2 and 4 ( Fig. 4) suggests that the original duplicating unit may have contained two cysteine residues. The gene duplication theory is particularly attractive for the CEA family. Not only does it provide an explanation for the homologous sequences in CEA, but it can be used to account for the number of and sizes of the CEA gene family members. For example, NCA-55 may contain one domain (four cysteine residues), NCA-95 two domains, and CEA three or four domains. In addition, each protein contains an amino-terminal domain (Fig. 1) devoid of cysteine residues. The origin of this domain is unclear, but it is possible that it originated from the cysteine-containing domain, followed by mutation of the cysteine residues to other amino acids. The amino-terminal domain would have a different three-dimensional structure and function from the repeating disulfide loop-containing domains.
$In some of the reported sequences a distinction between aspartic acid and asparagine was not made.
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